We report a case of a 57-year-old male with clinically diagnosed and autopsy-confirmed early onset Alzheimer's disease who completed suicide by gunshot wound to the chest. This case has several unique aspects that have not been discussed in previous case reports of completed suicide in Alzheimer's disease. In particular, our patient's death was highly planned with successful compensation for his cognitive deficits. After all firearms had been removed from the home as a safety precaution, he obtained a new weapon, hid it and left himself cues to find and use it. The case is discussed in the context of literature differentiating the neural circuitry propagating impulsive versus planned suicidal acts. We present a case of a 57-year-old, right-handed Caucasian male clinically diagnosed with early onset Alzheimer's disease (AD), which was confirmed on autopsy after he completed suicide in October 2014 by a self-inflicted gunshot wound to the chest. He originally presented to our medical school-based Memory Disorder Clinic in January 2013 with complaints of forgetfulness over the last 5 years. He was working full-time and performed all activities of daily living independently. In addition to slowly progressive memory concerns, he reported anhedonia, decreased energy, restless sleep, decreased appetite and unintentional weight loss, but did not endorse depressed mood. He had no suicidal ideation at initial presentation. His affect was noted to be constricted.
for Wilson's disease. Bupropion (100 mg) was prescribed and he was referred for neuropsychological evaluation, MRI and EEG.
One month later (February 2013), neuropsychological evaluation revealed a pattern of cognitive deficits suspicious for early onset AD with impairments in memory encoding and consolidation, verbal fluency, visual construction, attention, verbal reasoning and cognitive flexibility. He scored 18/30 on the MMSE at that point and was not fully oriented to time. He had functional deficits related to making change from a simulated purchase and writing a check, which is of note considering that he had a Bachelor's degree in finance and worked as a banking executive. He was informed of the results and preliminary diagnosis at a feedback appointment with the neuropsychologist 2 weeks later and appeared to understand and accept the results, but demonstrated restricted affect and reduced insight.
MRI of the brain from April 2013 revealed generalized atrophy considered to be advanced for his age. As shown in Figure 1A , there is hippocampal atrophy evident on the coronal T1-weighted image, but the atrophy of the hippocampus is not out of proportion to the atrophy elsewhere in the brain. Examination of the axial and sagittal T1 images (Figure 1B & C) suggests there may be more atrophy in the parietal cortex than the other lobes, as has been reported in the setting of early onset AD [2, 3] . His EEG was normal.
When our patient returned to the Memory Disorder Clinic for follow-up in March 2013, he reported improved mood, energy and sleep with weight gain. He did not endorse hopelessness or suicidal ideation. His wife noted improved memory. Bupropion was increased to 300 mg. In June 2013, he reported continued benefit from bupropion and no overt depression. He was formally diagnosed with early onset AD after seeking a second opinion at another academic medical center. He was considering quitting his job and applying for disability based on his diagnosis. Donepezil (10 mg) was prescribed and he requested information about genetic testing for AD.
By August 2013, he retired and applied for disability. His mood had declined. Bupropion was maintained at 300 mg. He reported experiencing a single visual hallucination of a cat, but was not distressed by this occurrence. He returned to clinic in December 2013, at which time his depression had worsened with disturbances in sleep and appetite. He also reported increased anxiety. Prior medications were maintained and he was started on memantine (28 mg). He returned in January 2014 with improved mood, sleep, appetite and anxiety. He returned in May 2014 and was doing well, tolerating bupropion, donepezil and memantine.
In July 2014, he was seen for a repeat neuropsychological evaluation to monitor cognitive progression. He reported no depression or suicidal ideation. Family confirmed that he had no access to guns in the home, as they had been removed. He was no longer managing his finances or medications. He continued to drive short distances on his own, but his wife indicated that she was no longer comfortable as a passenger. He characterized his retirement as being 'let go', which was not accurate, and was now receiving disability. His MMSE was 16/30 and Geriatric Depression Scale 15-item (GDS-15) was 3/15, indicating minimal depression. The results of the neuropsychological re-evaluation revealed progressive decline across cognitive domains. He performed at the first percentile across measures of verbal and nonverbal memory, the second percentile on a confrontation naming task and the 16th percentile on an abstract reasoning task. He was unable to complete a visual sequencing task and could not comprehend the instructions for a measure of cognitive flexibility. His overall cognitive pattern and rate of progression were determined to be consistent with a moderately advanced early onset AD.
He returned to the Memory Disorder Clinic in October 2014. His depression had recurred, yet he only reported mild symptoms on the GDS-15 (6/15). He expressed 'slipping' cognitively. He found enjoyment in mowing the lawn and spending time with his grandson. He attributed his depressed mood to concern over his mother's health, which had declined. He made no mention of suicidal ideation. No medication changes were made.
He presented to the emergency department at the end of October 2014 with a gunshot wound to his chest, which was ruled suicide. He died in the operating room. At autopsy, examination of the brain conducted by a board-certified neuropathologist revealed that the brain weighed 1440 g and exhibited mild, diffuse narrowing of the gyri with deepening of the sulci. Coronal sections demonstrated symmetric dilatation of the lateral ventricular system, including the temporal horns. Hematoxylin-eosin-stained microscopic sections including those from the medulla, pons, midbrain, cerebellar vermis, cerebellar dentate, bilateral hippocampi, basal ganglia, thalamus, middle frontal gyrus, inferior parietal lobule, occipital lobe, cingulate gyrus and superior and middle temporal gyri were evaluated. Selected sections were additionally stained with a Bielschowsky silver stain. Frequent neuritic amyloid plaques were identified in the hippocampi, the adjacent entorhinal cortices and all neocortical regions examined, including the primary visual cortex of the occipital lobe ( Figure 2A ). Frequent neurofibrillary tangles were also present in a similar distribution ( Figure 2B ). In addition, there was granulovacuolar degeneration of and Hirano bodies present within hippocampal pyramidal neurons ( Figure 2C ). No brainstem or cortical Lewy bodies or other abnormal inclusions were identified. Using modified National Institute on Aging-Alzheimer's Association guidelines for the neuropathologic assessment of AD, the degree of AD neuropathologic change was considered sufficient to explain this patient's dementia [4] . Staging of the neuropathology of the disease was not completed at the time of the autopsy.
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Background
Prevalence rates of suicide in AD vary, with reports ranging from less than 1% to as high as 11% [5] [6] [7] . Some assert that dementia and AD specifically confer a lower risk of suicidal behavior in light of cognitive compromise [8, 9] , while others contend there is at least a mild-moderate risk [10] [11] [12] [13] . A prospective study out of Denmark examining all cases of hospital-diagnosed dementia based on national registry data over an 11-year span revealed an elevated risk of completed suicide in adults over 50 following dementia diagnoses. Risk was highest in the first 6 months following diagnosis, but the occurrence of suicide more than a decade later was also high. Furthermore, the association between dementia and suicide risk remained significant even after controlling for current and past mood disorders. The authors comment on how surprising it is that so many cognitively impaired individuals, by nature of their disease, are capable of planning and executing a successful suicide [14] . We agree and believe that our case, relative to previous case reports, uniquely highlights just how surprising, yet realistic and possible, suicide is in the context of progressive cognitive impairment.
There are a handful of previously published case reports of completed suicide in AD. Common features of these cases include relatively preserved insight and higher educational attainment. Early age of onset of the disease, defined as clinical onset before age 65, is present in three of eight cases of completed suicide [15] .
Rohde, Peskind and Raskind [16] reported two cases of completed suicide from a university-affiliated Alzheimer's program. Both cases were clinically diagnosed with probable AD and enrolled in clinical trials. The first case was a 54-year-old woman who visited Dr Jack Kevorkian for physician-assisted suicide. AD was confirmed at autopsy. The second case was an 80-year-old male who died of a self-inflicted gunshot wound. Autopsy was not performed. Both individuals were highly educated professionals in the early stages of the disease with intact insight into their prognoses.
A second set of completed suicide cases came from a Phase III clinical trial with eptastigmine, a cholinesterase inhibitor [17] . The first case was a 57-year-old man who died of a self-inflicted gunshot wound, while the second was a 73-year-old divorced male who jumped to his death from a 19th-floor window. Both individuals were well-educated professionals who met clinical diagnostic criteria for probable AD. Pathology was not discussed.
A third set of cases revealed preserved insight in highly educated males who were more advanced in age at the time of clinical diagnosis [18] . The first was an 87-year-old who attempted suicide twice by wrist slashing, but ultimately died of respiratory failure at the age of 91. The second case was an 82-year-old who died of a self-inflicted gunshot wound to the head. In both cases, AD was confirmed at autopsy.
There is a single case report of presumed AD in a 58-year-old, well-educated male who died by gas inhalation, but his disease was not confirmed by autopsy [19] . At last, there is one additional case in the literature that was part of a 1986 murder-suicide in which a 67-year-old man died of a self-inflicted gunshot wound to the head and autopsy revealed plaques and tangles in the frontal lobes and left temporal lobe. Retrospectively, it was reported that he demonstrated cognitive and behavioral changes in the 2 years preceding his death; however, he had not been clinically diagnosed with dementia or AD while living [20] .
Discussion
While our case of completed suicide in the setting of early onset AD has similarities to the cases discussed above, such as being a well-educated male with relative insight into his prognosis, there are unique aspects to this case that have not been reported previously, which we will highlight.
First, our patient's death was a highly planned event. Following his suicide, his wife reported that he had purchased a new gun, unknown to her, after all firearms had been removed from the home as instructed by his providers. Generalizing from the literature examining planned versus impulsive suicides, the behavior eventually leading to our patient's death is consistent with the neuropathology of his disease. Specifically, as we detail below, planned or premeditated suicides are associated with alterations in cortical processes, whereas impulsive suicidal behavior reflects alterations in subcortical processes [21] . Thus, our patient's planned act was more likely to be related to cortical brain dysfunction, as is seen in AD.
Second, he appears to have successfully compensated for his cognitive deficits by leaving himself cues. After his death, we learned that he hid a newly purchased gun in a lockbox in the garage, tied a ribbon around the lockbox, marked the key to the lockbox and put the key on his keychain. Thus, despite his disease being moderately advanced at the time of his death, he maintained a level of awareness of his prognosis and sufficient executive functions at this point in the course of his disease to design and implement a suicide plan. His ability to accomplish this act may indicate a higher level of cognitive reserve (CR). The concept of CR posits that individual differences in factors such as educational and occupational attainment offer neural resiliency and the ability to compensate for pathologic brain changes, such as those occurring in AD [22] . Considering our patient's status as a college-educated bank executive, high CR may have moderated the relationship between his pathology and his behavior.
Third, our patient never presented with the agitated or hopeless presentations of major depression that have traditionally been perceived as 'risk factors' for suicidal behavior [23] [24] [25] . Rather, his depression came and went. When it was present, his depression was generally characterized by apathy, anhedonia and constricted affect instead of frank dysphoria or overt emotional turmoil. While we ultimately do not know if there was a specific negative experience precipitating his suicide, his wife did not perceive a downward affective shift in the days preceding his death, nor was she aware of any event that could be perceived as a trigger. In addition, despite the GDS-15 having strong reliability as a depression screening instrument for adults 60 years of age and over, it may have underestimated the severity of depression in our 57-year-old patient [26] .
A fourth distinct feature of our case is the positive family history of completed suicide in the context of terminal illness. There is a substantial body of evidence based on family, twin and adoption studies supporting the notion that genetic factors play a significant role in the predisposition to both suicide attempts and completed suicide [27] [28] [29] . Neurobiological abnormalities in the brains of suicide victims, particularly within the serotonergic system, have also been identified and explored through molecular genetics research [30, 31] . Previous case reports of suicidal behavior in AD have lacked this heritability aspect and, thus, we believe our case uniquely represents a possible example of genetic transmission of suicide potential in the context of AD.
At last and perhaps the most distinct, our case demonstrates that cognitive impairment does not necessarily preclude patients from executing detailed suicide plans. On the surface, it may appear that neuropsychological performances at the first and second percentiles would not be compatible with the type of advanced planning and decision making that our patient displayed. We assert, however, that this type of assumption is dangerous. It is important for other clinicians to be aware of this flaw in logic and not assume that patients with moderately advanced dementia are no longer capable of a planned suicide by nature of their disease.
Current literature on suicidal behavior in older adults draws several distinctions between impulsive and planned acts. While our patient was not elderly, we believe this literature provides context for this case. Behavioral research with impulsive suicide attempters reveals impairments in decision making on neuropsychological tests characterized by a lower willingness to delay gratification, also referred to as 'delay discounting' [21, 32, 33] . Impulsive attempters tend to ignore, or discount, the prospect of future rewards and over-focus on negative feedback or past failures, resulting in impulsive decisions [32, 34] .
Planned and premeditated suicidal behavior, in contrast, has been linked to greater willingness to delay gratification for larger rewards [21, 33] . Individuals who exhibit highly lethal or planned suicidal behaviors tend to have a higher threshold for acting on suicidal ideation, but demonstrate an inability to flexibly conceptualize their situation and alternative solutions [34] . Thus, impairments in decision making exist across clinical pathways to suicide, but may be differentially expressed.
Recent studies examining variations in brain function in suicide attempters have shed light on the neural circuitry involved. Functional MRI studies implicate abnormalities in basal ganglia and paralimbic activation in poorly planned or impulsive acts, whereas disruptions in the lateral and ventromedial prefrontal cortical activation appear to underlie planned or premeditated acts [21, 32, 35] .
These findings mirror what we have observed clinically in diverse neurodegenerative presentations. We previously reported a case of completed suicide in clinically diagnosed progressive supranuclear palsy, a primarily subcortical dementia syndrome that appeared to be an impulsive, unplanned act [36] . Abnormalities in the subcortical reward circuitry make sense in the context of that particular pathology. Our present case of completed suicide in a clinically diagnosed and autopsy-confirmed cortical dementia syndrome (AD), in contrast, was a much more planned and detailed act, which supports the literature pointing to predominant cortical dysfunction in well-planned versus impulsive acts.
There is some evidence that specific neuropsychological deficits may be associated with suicide potential [33, 37, 38] . A recent meta-analysis of 25 neuropsychological studies revealed that deficits in decision making, verbal fluency and response inhibition are associated with suicidal behavior in older adults [39] . Our patient, however, demonstrated substantial and diffuse deficits across domains of memory, language, construction and executive functions, with no specific cognitive skill or domain more pronounced or impaired relative to others. Thus, it may be true that certain neuropsychological deficits predispose individuals to risky or suicidal behavior, but not necessarily that those same deficits predict who is likely to complete suicide.
There is concern within the literature regarding the implications of an early diagnosis of AD on suicide risk in patients who have relatively intact cognition and awareness early in the course of the disease [18, 40] . Since the advent of imaging biomarkers for AD and increased accessibility of amyloid PET scans in recent years, suicide risk in response to positive diagnostic test results has become a major ethical and societal consideration [11] . As we have learned from research with asymptomatic individuals with positive predictive test results for Huntington's disease, serious psychiatric distress and increased suicide risk are plausible consequences [41] [42] [43] . Thus, if individuals receive an amyloid PET scan or any of the other emerging biomarker to confirm clinical diagnosis, should screening for depression and suicidal ideation be conducted before and after test results in the interest of risk detection and prevention? We are likely to revisit this question as diagnostic tests for neurodegenerative syndromes are further refined.
At last, one last area of concern is related to genetics and AD. It is worth noting that our patient requested information on genetic testing for AD prior to his death, but did not complete testing. Thus, although we know the patient's mother developed an unspecified dementia syndrome later in life, we ultimately cannot speak to the possibility of autosomal dominant or familial AD and whether or not this may impact suicide potential. This is a limitation. Case and cohort studies exploring the psychological impact of predictive and susceptibility testing for AD have thus far failed to identify adverse outcomes [43] [44] [45] [46] [47] . Larger, long-term outcome studies, however, are needed.
Future perspective
Suicide risk prevention is an ever-important topic in healthcare and within communities. For clinicians who treat and evaluate patients with neurodegenerative disorders, safety and risk assessment must become integral components of ongoing care. Exclusively assessing for the presence or absence of depression in this population, however, is not always likely to be sufficient in determining suicide risk. In addition to considering acute depression severity and other overt risk factors, such as a family history of suicidal behavior, we may be able to utilize functional imaging and neuropsychological test results in order to identify individuals with early dementia who may be at elevated risk for suicidal behavior, and thereby intervene before patients act. In addition, advanced cognitive deficits do not preclude the possibility of a planned suicidal act. It is clear from this case how challenging prevention can be despite the best intent of providers and family. No writing assistance was utilized in the production of this manuscript.
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